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ABSTRACT 
Renaturation of complementary single strands of DNA is one of the important processes that 
requires better understanding in the view of molecular biology and biological physics. Here 
we develop a stochastic dynamical model on the DNA renaturation. According to our model 
there are at least three steps in the renaturation process viz. incorrect-contact formation, 
correct-contact formation and nucleation, and zipping. Most of the earlier two-state models 
combined nucleation with incorrect-contact formation step. In our model we suggest that it is 
considerably meaningful when we combine the nucleation with the zipping since nucleation 
is the initial step of zipping and the nucleated and zipping molecules are indistinguishable. 
Incorrect-contact formation step is a pure three-dimensional diffusion controlled collision 
process. Whereas nucleation involves several rounds of one-dimensional slithering dynamics 
of one single strand of DNA on the other complementary strand in the process of searching 
for the correct-contact and then initiate nucleation. Upon nucleation, the stochastic zipping 
follows to generate a fully renatured double stranded DNA. It seems that the square-root 
dependency of the overall renaturation rate constant on the length of reacting single strands 
originates mainly from the geometric constraints in the diffusion controlled incorrect-contact 
formation step. Further the inverse scaling of the renaturation rate on the viscosity of the 
reaction medium also originates from the incorrect-contact formation step. On the other hand 
the inverse scaling of the renaturation rate with the sequence complexity originates from the 
stochastic zipping which involves several rounds of crossing over the free-energy barrier at 
microscopic levels. When the sequence of renaturing single strands of DNA is repetitive with 
less complexity then the cooperative effects will not be noticeable since the parallel zipping 
will be a dominating factor. However for DNA strands with high sequence complexity and 
length one needs to consider the cooperative effects both at microscopic and macroscopic 
levels to explain various scaling behaviours of the overall renaturation rate. 
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INTRODUCTION 
The biological function of DNA depends largely on its double stranded helical structure and 
its ability to unwind and rewind in a reversible manner. The double stranded structure of 
DNA (dsDNA) is mainly stabilized by weak hydrogen bonds between the nitrogen bases of 
complementary single strands (c-ssDNAs) and the hydrophobic forces arising from the base-
stacking within the core of dsDNA polymer (1-2).  These weak interactions melt down upon 
heating the solution containing dsDNA beyond the melting temperature which in turn yields 
the corresponding c-ssDNAs. These single strands exactly reunite (hybridize) back into their 
original double stranded helical form upon cooling the solution below the melting 
temperature. Melting temperature of dsDNA is defined as the temperature at which precisely 
half of the dsDNA melts into corresponding c-ssDNAs. Several molecular biological 
processes such as transcription, translation and replication and in vitro laboratory techniques 
are solely based on the reversible winding-rewinding property of dsDNA. Understanding the 
dynamics and mechanism of renaturation of c-ssDNAs in solution is important in 
recombination, design of primers for polymerase chain reaction, design of oligonucleotide 
probes for microarray chips, various membrane blotting techniques and other related DNA 
fingerprinting technologies (2-5). In this context, several models describing the process of 
renaturation of c-ssDNAs in aqueous solution have been developed and experimentally 
verified (6–29). Detailed understanding of the mechanism of renaturation of c-ssDNA at 
microscopic level is one of the important contemporary topics of interest in molecular 
biology and biological physics. 
 
Renaturation of c-ssDNAs was initially thought (6) as one-step bimolecular second order 
chemical kinetic process. Several experimental observations could not be explained by a 
simple one-step second order kinetics. One of such observations is that irrespective of the 
experimental conditions the overall bimolecular rate constant was directly proportional to the 
square-root of the average length of c-ssDNAs and inversely proportional to its sequence 
complexity. Whereas a one-step process predicted that the bimolecular collision rate was 
directly proportional to the average length of c-ssDNA. To comply with various experimental 
observations, Wetmur and Davidson (6) suggested a detailed two-step renaturation model that 
comprised of a nucleation and zipping steps. They had shown that the overall second order 
rate constant associated with the renaturation phenomenon could be expressed as function of 
average length of the sheared DNA and complexity of the reacting c-ssDNAs. Here 
complexity is defined as the length of DNA stretch with a unique nucleotide sequence 
pattern. Wetmur and Davidson further formulated a theoretical model on renaturation 
phenomenon according to which the overall bimolecular rate constant was directly 
proportional to the nucleation rate apart from the ratio of average length of c-ssDNA and 
complexity. They argued that the nucleation rate constant is inversely proportional to the 
square-root of average length of c-ssDNA so that the overall bimolecular rate is directly 
proportional to the square-root of length of c-ssDNA as observed in experiments. They 
suggested that the inverse scaling of nucleation rate constant with length must be owing to 
either the thermodynamic excluded volume effects associated with the intra-strand dynamics 
or stearic hindrance associated with the diffusion controlled interpenetration of c-ssDNAs 
that is essential for the nucleation step.  
 
Here one should note that the two-step model of Wetmur-Davidson will be inconsistent 
whenever the complexity has same magnitude as that of the length of c-ssDNA. Subsequent 
experimental studies on renaturation phenomenon were mainly focussed (16-28) on 
unravelling the molecular mechanisms and the underlying thermodynamics and kinetics 
aspects. In line of these experimental studies, several theoretical and computational models 
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(6, 7, 14-17, 23-27) were also developed to explain the observed scaling behaviours of the 
overall second order renaturation rate constant on the size of reacting c-ssDNAs, temperature, 
ionic strength and viscosity of the reaction medium.  Recent studies (23-27) considered either 
the excluded volume effects acting on intrastrand dynamics or stearic hindrance associated 
with the diffusion controlled interpenetration of c-ssDNAs to explain the observed scaling 
behaviours of the overall renaturation rate. Diffusion based models provide correct viscosity 
dependence of overall renaturation rate constant compared to the models based on the 
framework of transition state theories (TST). Recently nucleation step in renaturation was 
modelled as an escape over free energy barrier (27) within the framework of Kramer’s theory 
that deals with the dynamics of Brownian particle over a potential energy barrier. It was 
argued (27) that the square root dependency of nucleation rate on the length of c-ssDNA 
mainly originates from the entropic component of the free energy barrier associated with the 
Kramer’s escape problem. Though this approach appeared to be reasonable, nature of the 
reaction coordinate and potential energy barrier associated with the renaturation process were 
not clearly defined. Moreover the exact connection between the entropic component of the 
free energy barrier and the observed scaling behaviour was not clearly established in detail. 
 
According to the current theoretical understandings over experimental and computational 
observations (23-29), the renaturation process should have at least three distinct steps namely 
(a) incorrect contact formation (b) nucleation or correct contact formation and (c) zipping. In 
the first step, the reacting c-ssDNAs collide with each other via three-dimensional (3D) 
diffusion controlled routes. This results in the formation of Watson-Crick (WC) base pairs at 
random incorrect contacts between the reacting c-ssDNAs. Such incorrect WC contacts 
translocate along c-ssDNAs either via one-dimensional (1D) slithering dynamics or internal 
displacement (29) mechanisms until finding the correct-contact and initiate the nucleation 
process which is in turn followed by spontaneous zippering of c-ssDNAs. Here one should 
note that steps (a) and (b) are purely stochastic dynamical processes similar to that of the site-
specific DNA-protein interactions (17, 30-31). Moreover zippering step (c) too will be a 
stochastic process under weak renaturation conditions.  These mean that one needs to apply 
stochastic dynamics based arguments rather than merely thermodynamics based ones to 
explain the observed scaling behaviours and underlying mechanisms. In this paper we will 
formulate such a stochastic dynamics based theoretical framework of renaturation 
phenomenon and explain various scaling properties associated with the renaturation rate. 
 
RESULTS 
Theoretical formulation of DNA renaturation kinetics 
The basic steps of renaturation of c-ssDNA viz. (a) incorrect contact formation (b) nucleation 
or correct contact formation and (c) zippering can be represented by a schematic reaction 
Scheme I in Fig.1. Here [S] and [S’] are the concentrations (mol/lit, M) of the colliding c-
ssDNAs whose lengths are L bps (template) and l bps (probe) respectively where by 
definition L ≥ l, [X] is the concentration of c-ssDNAs with incorrect contacts (ci-ssDNA), 
[YN] is the concentration of c-ssDNAs with correct-contact (cc-ssDNA) and nucleation, and 
[Z] is the concentration of completely renatured dsDNA form. Here one should note that [YN] 
is a special form of [Z] since the complementary strands are already nucleated and aligned in 
[YN]. Since it is very difficult to identify and quantity [YN] in experiments we consider [Z] as 
the main product of renaturation in this paper. Further kfQ (M-1s-1) and kr (s-1) are the forward 
second-order and reverse first-order rate constants associated with the formation of incorrect 
contacts between colliding c-ssDNAs, kN (s-1) is the nucleation rate constant and kZ (s-1) is 
the zippering rate constant. Since [YN] is a hidden intermediate we consider the overall rate 
constant associated with both nucleation and subsequent spontaneous zipping as kNZ which is 
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the inverse of total time required for nucleation and zipping processes together i.e. kNZ =1/ 
(1/kZ + 1/kN). Typical values of the size of nuclei (6) seems to be N ~ 4-7 bases. Here we set 
the subscript Q = C for condensed conformational state of c-ssDNA and Q = G for relaxed 
conformational state of c-ssDNA. The set of differential rate equations associated with 
Scheme I can be written as follows. 
 
[ ] [ ][ ] ( )[ ] [ ] [ ] [ ] [ ][ ]' ;  ;  '  fQ r NZ NZ Sd X dt k S S k k X d Z dt k X d Z dt k S S= − + =              (1) 
 
Here we have defined the overall observed second order rate constant ( )S fQ NZ NZ rk k k k k= + . 
In deriving the expression for Sk we have assumed that the nucleation and zipping are the rate 
limiting ones so that [ ] 0d X dt  in the timescales of nucleation and zipping. Essentially the 
first reaction in Scheme I can be thought as collisions between spatially distributed clusters 
of nitrogen bases corresponding to two reacting c-ssDNAs as in case of a mean field 
approach (27). As a result, the overall bimolecular rate associated with the formation of 
incorrect contacts between spatially distributed base-clusters of c-ssDNAs is proportional of 
the product of concentrations of the total nitrogen bases in c-ssDNA molecules. The 
cylindrical surface area SQ ~ 2πrDQ of a c-ssDNA molecule will be confined within the 
spherical solvent shell with surface area 24Q QSS rπ  (Q = L for template and Q = l for probe) 
where rQ is the radius of gyration of the respective c-ssDNA molecule. Under strongly 
condensed conformational state of c-ssDNA one finds that SSQ < SQ and when the DNA 
polymer is in a relaxed conformational state then one find that SSQ > SQ. At a coarse grained 
level one can model the bases of c-ssDNA as a chain of spherical beads with radius rD. Under 
relaxed conformational state all these nitrogen base beads are distributed on the surface of the 
spherical solvent shell that covers a c-ssDNA molecule (Fig. 1B). Whereas under condensed 
conformational state of c-ssDNA molecules significant fraction of nitrogen base beads will be 
inaccessible to the inflowing c-ssDNA molecules since they are buried inside the matrix of 
condensed c-ssDNA (Fig. 1C).  
 
Calculation of incorrect-contact formation rate 
Actually most of the theoretical models derived the scaling over the length of c-ssDNAs 
mainly from the fact that the radius of gyration (measured in bps) associated with reacting c-
ssDNAs scales with their length as Qr Q
α∝ (Q = L or l). Here the value of the exponent 0 < 
α < 1 varies depending on the type of polymer and solvent conditions. For an ideal Gaussian 
chain polymer that is immersed in a theta solvent (32-33) one finds that α ~ ½. Noting these 
facts the Smolochowski type limiting rate for a diffusion controlled incorrect contact forming 
step can be given as follows. 
 
( ) { } { }24 ;  ;  6 ;  , ;  ,fQ Q Q Q l L Q S B Sk r J J D D r D k T r Q C G S L lπ πη= = + = = =                          (2) 
 
Here JQ is the inflowing flux of c-ssDNA molecules, DS is the three-dimensional (3D) 
diffusion coefficient associated with the colliding c-ssDNAs and rQ is the reaction radius that 
depends on the conformational state of c-ssDNA. When c-ssDNA is relaxed, then all the base 
beads will be distributed over the surface of the solvent shell that covers the entire c-ssDNA 
polymer. Since SSQ > SQ there will be several patches on the solvent shell surface without 
base beads. Noting that an incorrect contact can be formed only upon collision between probe 
and base beads of template, one needs to integrate over the surface of the template c-ssDNA 
polymer that is spread on the surface of spherical solvent shell rather than the entire surface 
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of spherical solvent shell (Fig. 1B). On the other hand, when the c-ssDNA polymer is highly 
condensed then significant fraction of base beads will be buried inside the matrix of 
condensate (Fig. 1C). Therefore depending on the conformational state of colliding c-ssDNA 
molecules the bimolecular collision rate associated with the formation of incorrect contact 
between template and probe molecules can be written as follows. 
 
Case I: Relaxed conformational state of c-ssDNA 
( ) ( )2 ;  ;  ;  1 1 8fG G G G l L G G D l fG t l Lk r LJ J D D r r r r k k L r rπ + = + ∴ +                              (3) 
 
Case II: Condensed conformational state of c-ssDNA 
( ) ( )224 ;  ;  ;  4fC C C C l L R C L l fC t L l L lk r J J D D r r r r k k r r r rπ + = + ∴ +                                 (4) 
 
Here ( )8 3t Bk k T η  is the Smolochowski type diffusion controlled bimolecular collision 
rate limit (M-1s-1) where kB is the Boltzmann constant, η is the viscosity of the reaction 
medium and T is the temperature in degrees K and the colliding molecules are same in size. 
In general one can write fQ t Qk k δ where ( )1 1 8G l LL r rδ + and ( )
2 4C L l L lr r r rδ + . When 
the colliding c-ssDNA are same in size then one finds that 4G LL rδ  and 1Cδ  .  
 
Role of electrostatic repulsions at DNA-DNA interface 
However in Eqs. 3-4 we have not considered the electrostatic repulsions between the 
negatively charged phosphate backbones of c-ssDNA chains and shielding effects of solvent 
and other ion molecules at the DNA-DNA interface of c-ssDNA molecules. Upon 
considering this fact and following the detailed works of Montroll in Ref. 34 we find the 
expression for the modified bimolecular rate constants as follows.  
 
( ) ( ) ( )2';  1 ;  ;  ,QrfQ t Q Q Q Q S S Bk k r e z z e k T Q C Gκψ δ ψ κ κ ζ= − = =                                  (5)
               
Here κ  is the Onsager radius which is defined as the distance between negatively charged 
phosphate backbones of colliding c-ssDNA chains at which the electrostatic repulsive energy 
is same as that of the thermal energy (~kBT), zSe and zS’e are the overall charges on the 
respective c-ssDNA molecules. Since Qrκ ≥ by definition and 0κ > in the present context, 
one finds that ~ Qrψ κ for large values of κ  and for Qrκ = one obtains 1.58ψ  . One 
should also note that 1Qψ   only when 0κ = . Nevertheless while deriving Eq. 5 we have not 
considered the shielding effects of solvent ions over the electrostatic repulsive forces between 
the phosphate backbones of c-ssDNA. Upon following the Debye theory of kinetic salt 
effects over diffusion controlled rate processes (35), one can rewrite the modified 
bimolecular rate constant in the presence of other ions in the solvent as follows.    
 
';  ;  2fQ t Q Q Q S Sk k e Az z Eχ δ χ ψ
Φ= Φ =                                                                               (6)            
   
Here 0.509A = , E is the overall ionic strength of the medium and Q = (C, G) as defined in 
Eqs. 3 and 4 depending on the type of conformational state of c-ssDNA polymer.  
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Calculation of nucleation time 
We learnt from recent computational studies (29) that the colliding c-ssDNA with incorrect 
contacts between them undergo several trials of slithering and internal displacement 
dynamics before reaching the correct-contact and then nucleate the zipping process. These 
dynamical processes are similar to that of the facilitating 1D diffusional dynamics as in case 
of site specific DNA-protein interactions. Unlike the overall electrostatic attractive forces 
acting at the DNA-protein interface, in case of DNA renaturation there is a strong 
electrostatic repulsive force acting at the interface of ci-ssDNA that will be shielded by the 
solvent molecules present at the interface of ci-ssDNA strands. With this background one can 
model the slithering dynamics as 1D diffusion of one c-ssDNA molecule on the other in the 
process of searching for the correct-contact. To find the correct-contact on one c-ssDNA the 
other c-ssDNA needs to try out at least λ = L/n stretches of 1D slithering with an average size 
of n bases. This will ensure that the initial incorrect contact visits all the possible positions 
and subsequently the correct contact is formed. The mean first passage time (τN) associated 
with the visit of all the possible positions of c-ssDNAs by the initial incorrect-contact 
between them via 1D diffusion dynamics can be given as N cτ λτ= where
2 12c on Dτ  is the 
average time that is required by a unbiased 1D random walker to visit n sites of a linear 
lattice. This result can be obtained as follows. The stochastic differential equation associated 
with an unbiased random walker on a linear lattice can be written as follows (36-38).  
 
( ) ( )'2 ;  0, ;  0;  'o t t t tdx dt D x n t tδ= Γ ∈ Γ = Γ Γ = −                                                       (7) 
 
Here Do is the one dimensional diffusion coefficient associated with the dynamics of the 
random walker, tΓ is the Gaussian white noise with mean and variance as given in Eq. 7. The 
probability density function associated with the dynamics of such random walker obeys the 
following forward Fokker-Planck equation (FPE) with initial and boundary conditions. 
 
( ) ( )
0
2 2
, , 0, , ,0 0;  0;  o x t x t t n t xD p x p t p p p x xδ∂ ∂ = ∂ ∂ = = = −                                                    (8) 
 
The mean first passage time (MFPT) associated with the escape of a random walker from the 
interval ( )0,x n∈  starting from an arbitrary lattice point x inside the interval obeys the 
following backward Fokker-Planck equation with boundary conditions as in Eq. 8. 
 
( ) ( ) ( )2 2 2 2 20 01;  0;  2 ;  1 12
n
o x n x o c x oD d dx n x D n dx n Dτ τ τ τ τ τ= − = = = − = ∫               (9) 
 
Since the random walker can enter initially anywhere in interval ( )0,x n∈ of linear lattice 
with equal probabilities one needs to average the computed MFPT xτ over all values of initial 
positions x and as in Eq. 9 we find the initial position averaged value as 2 12c on Dτ  . This is 
approximately the time that is required by a random walker to visit all the sites of a linear 
lattice confined inside the interval ( )0,x n∈ starting from anywhere inside the interval. 
 
Calculation of zipping time 
Formation of correct-contact will result in the nucleation of zipping process. Upon formation 
of a nucleation site, the subsequent stochastic zipping of cc-ssDNA can be described by the 
following birth-death master equation.  
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( ) ( ) ( ) ( ) ( ), 1, 1, ,t P u t k P u t k P u t k k P u t+ − + −∂ = − + + − +                                                      (10) 
 
Here P(u, t) is the probability of finding the cc-ssDNA with u number of correct contacts at 
time t starting from the nucleation, k+ (s-1) and k- (s-1) are the respective average forward and 
reverse rate constants associated with the microscopic zipping reaction. Here the initial and 
boundary conditions corresponding to Eq. 10 can be written as follows.  
 
( ) ( ) ( ) ( ) ( ) ( )0 0 0 0 0, , | , ;  1, 0, ;  1, 0P u t P u t u t u u k P t k P t P tδ β− += = − = + =                         (11) 
 
The mean first passage time associated with the complete zipping obeys the following 
backward type master equation with similar boundary conditions. 
 
( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )1 1;  1 ;  1 0;  1 0k U u k U u U u u uτ τ τ β τ τ+ −− − = − = + − + = − =                  (12) 
 
Here u = 1 is a reflecting boundary and u = β is the absorbing boundary. One can solve the 
difference equation Eq. 10 as follows. By defining equilibrium constant as ( )RK k k− += , Eq. 
10 can be rewritten in the following form. 
 
( ) ( ) ( ) ( ) ( ) ( ) ( )21 1;  ;  
u
Rz
k u u S u S u u K S u U u uφ φ φ+ =− − = − = =   ∏  
 
Upon solving this difference equation for the boundary conditions given in Eq. 11 we find 
the following expression for the overall mean first passage time associated with complete 
zipping of β correct contacts (u = β) of cc-ssDNA starting from the number of correct 
contacts u = 1. 
 
( ) ( )( ) ( )( ) ( )
1 21
1 1
1 1uZ R R Ru wu k w K K k K
β βτ φ φ β β
−
+
+ += =
= = − + + −∑ ∑                             (13) 
 
From this equation we find the limits ( )1lim 1 2RK Z kτ β β→ ++ and 0lim RK Z kτ β→ + where 
β = L/lp is a dimensionless quantity which is the total number of correct-contacts between 
colliding c-ssDNA upon formation of dsDNA. Here L is total length of c-ssDNA in bases and 
lp = 1 base (1 base ~ 3.4x10-10 m). When the forward rate constant associated with formation 
of dsDNA is much higher than the reverse rate constant then we find the expression for the 
zipping rate constant as that 1Z Z pk k Lτ=  where we have defined p pk k l+= (bases/s). On 
the other hand when k+ = k- then the zipping will be a pure 1D diffusion process with the 
phenomenological diffusion coefficient as 2pD l k± + (base2/s) and subsequently 
2 2Z L Dτ ± . 
When the reacting c-ssDNA is repetitive with a sequence complexity of c bases (here we 
have ( )1,c L∈ ), then the observed zipping rate will be proportional to the number of repeats 
in that template c-ssDNA (ρ = L/c) and one obtains 0lim RK Z pc kτ→  i.e. the total zipping 
time will be directly proportional to the complexity of the reacting c-ssDNA molecules which 
is in line with the experimental observations (6-7). Using these results one can write down the 
expression for the total time that is required for the overall nucleation and zipping processes 
(τNZ) as follows. 
 
2
0 1;  lim ;  lim 2 ;   12 ; R RNZ N Z K Z p K Z N oc k Lc D n D L nτ τ τ τ τ τ λ λ→ → ±= + = =            (14) 
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Calculation of overall renaturation rate  
Using these values one can define the overall bimolecular collision rate associated with the 
complete formation of dsDNA from c-ssDNA in Scheme I as follows. 
 
( ) ( ) ( ) ( ) ( )2
0
;  1 1
L
S S S fQ r NZ fQ A Bk k n p n dn k n k k k nL Y c Yτ= = + + +∫                              (15) 
 
Here we have defined two important characteristic lengths 12A o rY D k= and B P rY k k= . 
The length YA describes the distance that is travelled by the initial incorrect contact before ci-
ssDNA dissociates whereas YB describes the distance travelled in the zipping reaction before 
ci-ssDNA dissociates into corresponding c-ssDNA molecules. Generally one observes that YA 
> YB. The probability density function connected with the 1D slithering lengths n or its 
weighting function p(n) can be calculated as follows. When the residence times (τ ) 
associated with the dissociation of single ci-ssDNA molecule is distributed as an exponential 
then one finds that ( ) rkp e ττ −∝ and subsequently one obtains ( ) ( )
2
An Yp n ne−∝ which mainly 
originates from the fact that within the residence time τ, the distance travelled by the 
incorrect contact through 1D diffusion dynamics can be anywhere in the interval ( )1,n L∈  so 
that we obtain the transformation rule as 2 12 on Dτ = . With this definition of the residence 
time of c-ssDNA in a ci-ssDNA configuration one can write down the expression for the 
distribution of slithering lengths n as follows (Fig. 2A). 
 
( ) ( ) ( )( ) ( )2 2 22 22 1 2A A An Y L Y n YA Ap n ne Y e ne Y− − −= −                                                                 (16) 
 
Using the expression of p(n) in Eq. 15 and expanding kS(n) in a Maclaurin series one can 
obtain the following expression for the overall renaturation rate constant.  
 
( )( ) ( ) ( )( )01 2 1 1
m
S fQ B A Bm
k k c Y m L L c Y∞
=
+ Γ + − +∑                                                   (17) 
 
While deriving this equation without losing generality we have extended the limits of n in the 
integration towards infinity since both p(n) and kS(n) approach zero at this limit. Under 
certain conditions one can obtain the following approximation for the series in Eq. 17. 
 
( ) ( ) ( ) ( )0 2 1 ;  ;  1
m
S fQ B B A A B Bm
k k Y c m Y L Y Y c Yρ∞
=
Γ + −∑                                      (18) 
 
When the sequence complexity of the template c-ssDNA molecule is high enough and 
( ) 1B AY Lρ  then one can write down the leading zeroth order approximation (m = 0 in Eqs. 
17 and 18) of the overall second order rate constant associated with the renaturation of 
relaxed c-ssDNA chains with equal lengths L = l as follows. 
 
4 ;  1 ;  1S fG B fG r t G p L r L tk k Y c k k k c k k L r k c L c r L kχ η η+= = ∝ ∝ ∝                     (19) 
 
Here sm t Gk k χ is the Smolochowski type three dimensional diffusion controlled collision rate 
limit corresponding to a situation where both colliding molecules are charged and same in 
size. When the conditions given in Eq. 18 are true then Eq. 19 suggests that the overall 
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bimolecular collision rate constant associated with the renaturation reaction is directly 
proportional to the square-root of the length of c-ssDNA and inversely proportional to both 
sequence complexity of the reacting c-ssDNA molecules and viscosity of the reaction 
medium in line with the experimental observations. Experiments suggest that the scaling of 
renaturation rate constant with the length of c-ssDNA molecules that is given in Eq. 19 is 
valid (6) only in the range of L ~ 102-104 bases. In this context our model suggest that the 
square root scaling of the renaturation rate on length will be valid only when the inequalities 
given in Eq. 18 are true apart from the condition that ( ) 1B AY Lρ  which may break down 
beyond certain values of the copy number (ρ) in the repetitive c-ssDNA. 
 
Role of cooperativity in renaturation kinetics 
However the scaling results given by Eq. 19 works only for highly repetitive and relaxed 
conformational state of c-ssDNA (L > c) and it will break down at L = c since at this point the 
scaling becomes as 1Sk L∝ which is not true. The main reason for this observation is that 
while calculating the zipping rate constant we have not considered the underlying cooperative 
effects. When c-ssDNA is highly repetitive then the zipping process can take place in parallel 
for all the ρ = (L/c) number of short repetitive motifs. Under such conditions the cooperative 
effects will not be noticeable since the enhancement of renaturation process by the parallel-
zipping will dominate over the underlying cooperative effects. This means that Eq. 19 will be 
true only for repetitive c-ssDNA. When the reacting c-ssDNA molecules are non-repetitive 
and long enough then the probability of formation of an additional correct-contact in cc-
ssDNA molecule that is undergoing zipping reaction will be directly proportional to the 
existing number of correct-contacts (u) and the probability of breakdown of an existing 
correct-contact will be directly proportional to the number of overhanging single stranded 
stretches of cc-ssDNA (β-u). This is true since the existing correct-contacts always stabilize 
newly formed correct-contacts and overhang single stranded regions of cc-ssDNA always try 
to destabilize the newly formed correct-contacts. Here one should note that we are dealing 
with the cooperative effects at a mesoscopic level within an independent and single 
renaturing cc-ssDNA molecule rather than at macroscopic level where the descriptive 
parameter of the renaturation process will be the number of mol-bases in ssDNA (nSS) or 
dsDNA (nDS) form rather than the number of correct-contacts in cc-ssDNA (u) as in the 
current context. At macroscopic level the rate of change in the number of mol-bases in 
ssDNA form in the process of zipping will be directly proportional to the number of mol-
bases in ssDNA form as well as number of mol-bases in dsDNA form which results in a 
cooperative sigmoidal type time evolution of the renaturation process (16-17, 28) where the 
macroscopic kinetic rate equation will be written as ( )0DS cc DS DSdn dt n n n n∝ − . Here n0 is 
the initial concentration of mol-bases of ssDNA molecules in the system and ncc is the total 
number of cc-ssDNA molecules in the system. With this background the birth-death master 
Eq. 10 can be rewritten to include the cooperative effects for renaturation of a single cc-
ssDNA molecule as follows. 
 
( ) ( ) ( ) ( ) ( ) ( )( ) ( ), 1 1, 1 1, ,t P u t k u P u t k u P u t k u k u P u tβ β+ − + −∂ = − − + − − + − + −            (20) 
 
The mean first passage time τ(u) associated with evolution of the system from correct-contact 
u = 1 to complete dsDNA form with correct-contacts u = β can be written as follows where 
U(u) and other boundary conditions are defined as in Eqs. 10-12. 
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( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )1 1;  1 1;  k uU u k u U u k u u S u S u S u U u uβ φ φ+ − +− − − = − − − = − =     (21) 
 
Here the function ( )uφ is defined as follows. 
( ) ( ) ( ) ( ) ( ) ( )1 1 1 1
u u
R Rz
u K z z K u uφ β β β
=
= − = − Γ + − Γ + Γ −∏  
 
Upon solving the difference equation Eq. 21 for appropriate boundary conditions one obtains 
the following expression for the overall zipping time that is required for the formation of u = 
β number of correct-contacts starting from u = 1 in the presence of cooperative effects. 
 
[ ] [ ]( ) [ ] [ ]( )( )1 12 1 2 11 1,1 , 2 , 1, 1 , 2 ,uZ R R Ru K F K F u u Kβτ ξ β φ β− −== − − + + + − −∑                      (22) 
 
Here 2F1 is the hypergeometric function and we have defined various parameters as follows. 
( ) ( ) ( ) ( )( ) ( ) ( )11 1 1 1 1 ;  1 2u uRu k u u K k uξ β β β φ β β+− += − Γ + − Γ + Γ − − = Γ + − Γ + −  
 
The hypergeometric function of type 2F1 is defined as follows. 
[ ]( ) ( ) ( ) ( ) ( ) ( ) ( )2 1 0, , , ! ;  m m m m PmF a b c z z a b m c H H P H
∞
=
= = Γ + Γ∑  
 
To simplify the complicated expression for τZ in Eq. 22 particularly for sufficiently large 
values of β one can approximate Eq. 20 by the following continuous type Fokker-Planck 
equation (FPE) (36-38).  
 
( ) ( ) ( )( ) ( ) ( )( )2, , , 2t u uP u t A u P u t B u P u t∂ = −∂ + ∂                                                             (23) 
 
Here the drift and diffusion coefficients can be written as follows. 
( ) ( ) ( ) ( );  A u k u k u B u k u k uβ β+ − + −= − − = + −  
 
Eq. 23 suggests that in the presence of cooperative effects the diffusion coefficient associated 
with the zipping dynamics ( D± ) will be dependent on the number of correct-contacts. Using 
the backward FPE corresponding to Eq. 23 one can obtain the mean first passage time 
associated with the evolution of the system from u = 1 to u = β as follows. 
 
( ) ( ) ( )( ) ( ) ( ) ( )( )( )
1 1
2 ; 
y
Z Rk y y dy y z z K u dz
β
τ β+ Η Φ Η = Φ + −∫ ∫                             (24) 
 
In this equation various functions and parameters are defined as follows. 
( ) ( ) ( ) ( ) ( ) ( )( ) ( )( )12 ;  
q
p z dz
R Rq e p z A z B z z K z z K zβ β
∫Φ = = = − − + −  
 
Computational analysis of Eqs. 22 and 24 suggests that in the limit as KR tends towards zero, 
the overall zipping time τZ approximately scales with β as 1-e-2β . Upon defining the limit as 
0lim RK Z Zτ τ→ =  one can derive the following expression for the overall zipping time. 
 
( ) ( ) ( )( ) ( )2
1 1
2 Ei 1, 2 Ei 1, 2 ;  Ei ,y mz aZ k e y dy a z e m dm
β
τ
∞− − −
+= − − − =∫ ∫                               (25) 
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It seems from Eq. 25 along with other computational analysis that the dependency of overall 
zipping time decreases with increasing β in the presence of cooperative effects which can be 
demonstrated by the following limiting conditions. 
 
( ) ( )( )22 Ei 1, 2 Ei 1, 2 ;  lim 0Z Ze kβ βτ β β τ β− + →∞∂ ∂ − − − ∂ ∂ =                                        (26) 
 
From Eqs. 24-26 one finds that when KR tends towards zero then in the presence of strong 
cooperative effects the zipping time of a non-repetitive c-ssDNA will be independent of the 
length of reacting c-ssDNA molecules especially for large values of L as shown in Fig. 2B. 
Based on these observations we recover the observed scaling of overall bimolecular rate 
constant on the length of c-ssDNA molecules as Sk L η∝ for a non-repetitive c-ssDNA for 
which L = c in Eqs. 15 and 16 since YB will be independent of sequence length and the 
number of copies will be ρ = 1. 
 
DISCUSSION 
Understanding the mechanism of renaturation of c-ssDNA is one of the central topics in 
molecular biology and biological physics. Wetmur and Davidson (6) developed their model 
by assuming that the renaturation rate is directly proportional to the total phosphate 
concentration which is in turn directly proportional to the total number of mol-bases in 
ssDNA or dsDNA form. According to their model the overall second order rate constant 
associated with the renaturation of repetitive c-ssDNA can be written as S Nk k ρ∝ where ρ = 
L/c is the copy number of repetitive motifs in the entire c-ssDNA polymer. Here L is the 
length of c-ssDNA and c is the sequence complexity and the nucleation rate was assumed to 
scale with L as Lα where α = −1/2  due to the excluded volume effects associated with the 
interpenetration of c-ssDNA molecules that is essential for the nucleation reaction. As a result 
one obtains the scaling as Sk L c∝ where the proportionality constant was assumed to be 
the Smolochowski type bimolecular collision rate limit (ksm) i.e. S smk k L c= . Here one can 
identify that ksm = (kt χG) of our model Eq. 16 particularly for a relaxed conformational state 
of c-ssDNA that also includes the contributions from the electrostatic repulsions at the 
interface of colliding c-ssDNA molecules. Since in this model the nucleation is combined 
with incorrect-contact formation step one finds that N smk k L= . The main arguments for 
this scaling result put forth by Wetmur and Davidson were viz. (a) the radius of gyration of c-
ssDNA is directly proportional to its length and (b) the reaction radius associated with the 
collision between c-ssDNA molecules is independent of the radius of gyration of c-ssDNA 
chains since both these strands can interpenetrate freely upon their collision. Though the 
assumption (a) is a right one for Gaussian chain polymers there are several questions with the 
assumption (b) since the reaction radius always depends on the sum of the radii of gyration of 
reactant molecules. In this context our detailed model clarifies the origin of such scaling in 
the renaturation phenomenon. It is clear from our theory that the rate constant associated with 
the formation of initial incorrect-contact is directly proportional to the square-root of the 
length of the reacting c-ssDNA molecule.  
 
One should note that it is very difficult to identify and isolate a nucleated cc-ssDNA 
molecules since they are indistinguishable from the zipping cc-ssDNA molecules. Therefore 
it is more appropriate to combine the nucleation step with the zipping step rather than with 
the incorrect-contact formation step as in case of Wetmur-Davidson model. Other issues in 
their model are such as the breakdown of scaling at L = c arises because the underlying 
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cooperative effects in the long and non-repetitive c-ssDNA are not considered in their model 
as in case of our Eq. 16. Further upon extrapolating towards the limit L = 1 base (so that the 
complexity becomes as c = 1 base and the radius of gyration of c-ssDNA molecules rL ≈ 1 
base) Wetmur-Davidson model predicted that S smk k= . However experimental observations 
suggested that the extrapolated bimolecular collision rate constant associated with the 
renaturation reaction was ~103 times lower than the Smolochowski type diffusion controlled 
bimolecular collision rate limit. On this basis they in turn discarded the possibility of 
diffusion control in the kinetics of renaturation of c-ssDNA molecules. In this context Eq. 16 
of our model suggests an approximate expression for the extrapolation intercept 
as sm t Gk k χ ε from which one finds that ( ) 34 10p rk kε −=  . One should note that scheme I 
of Fig. 1 is still valid with zero nucleation and zipping times and the steric factor ε mainly 
accounts for the geometric constraints associated with the bond formation between nitrogen 
bases A-T or G-C of the colliding single nucleotides in the limit L = 1 and c = 1. Here one 
should note that in our model the square-root dependency of renaturation rate on the length of 
c-ssDNA molecules mainly originates from the fact that the radius of gyration of c-ssDNA 
molecules scales with length as Lr L
α∝ where α = ½ which is valid only for a Gaussian type 
polymers in a theta solvent. It seems that the error introduced by this assumption in the 
exponent is within the experimental error range (6). 
 
Although the dissociation rate (here it is kr) constant increases exponentially with 
temperature (39-42) there are several controversies exist on the dependency of renaturation 
rate constant on increasing temperature. Some experimental studies established (39-40) a 
decrease in the renaturation rate constant with increase in temperature and some other studies 
have shown an increase in the renaturation rate constant with increase in temperature (8, 41).  
In general it seems that the temperature dependency of the renaturation rate constant is of 
non-Arrhenius one and non-monotonic type (42). Simulation studies suggested that there 
exists an optimum temperature at which the renaturation rate constant is a maximum (29). In 
our model the incorrect-contact formation, nucleation and zipping steps are all influenced by 
the rise in temperature in a complicated way. Actually in Eq. 16, the Smolochowski 
bimolecular collision rate constant depends on temperature as ( )8 3t Bk k T η= where we 
assume that viscosity of the medium is not changing much in the range of temperature 
variation and the dissociation rate scales with temperature as 0 Bk Tr rk k e
ω−= in line with 
transition state theory where ω is the free energy barrier associated with the dissociation of 
ci-ssDNA complex. The rate constant associated with the microscopic zipping (kP ~lpk+) is 
connected with the microscopic diffusion coefficient D± ~ lp2k+ associated with the zipping 
reaction. Apart from these the dimensionless parameter χQ corresponding to the overall 
electrostatic repulsions and the shielding effects of solvent ions at the interface of ci-ssDNA 
molecules also depends on the temperature as given in Eqs. 5-6. It seems that the non-
Arrhenius type kinetic behaviour arises as a consequence of a complicated interplay between 
increase in the rate of incorrect-contact formation and combined effects of increase in the 
dissociation rate constant and microscopic zipping rate constant as the temperature increases 
from low to high values. Upon noticing that Bk TS Bk k Te
ω∝ one finds that ln Sk will be a 
maximum approximately at T ~ ω/kB as observed in the simulation studies (29). 
 
Sikorav et.al (27) suggested a Kramer’s type expression for the bimolecular nucleation rate 
constant where the scaling dependency of the overall bimolecular collision rate associated 
with renaturation on the length of c-ssDNA mainly originates from the entropic component of 
Theory on the mechanism of DNA renaturation 
 14 
free energy barrier. However in this model the reaction coordinate and origin of free energy 
barrier associated with the nucleation and zipping are not clearly defined. Further the exact 
mechanism of formation of nucleation sites is not clearly explained. On the other hand as 
correctly pointed out by them, one cannot explain all the experimental observations related to 
the entire process of renaturation of c-ssDNA molecules with purely diffusion-controlled 
formalism or transition state theoretical framework. From our model we can conclude that the 
incorrect contact formation step is a pure three dimensional diffusion controlled collision rate 
processes whereas both nucleation and zipping steps involve a sequence of several 
microscopic crossings of free-energy barriers as well as one dimensional diffusion type 
slithering dynamics on a linear lattice.  
 
Condensed conformational state of c-ssDNA polymers is one more cause for the breakdown 
of the scaling of renaturation rate on the length of c-ssDNA that is given in Eq. 16. When the 
colliding c-ssDNA molecules are in condensed conformational state then the rate constant 
associated with the incorrect-contact formation step will be independent of the length of c-
ssDNA when L = l. Under such conditions the overall second order rate constant associated 
with the renaturation of repetitive c-ssDNA chains will be inversely proportional to the 
sequence complexity. Here one should note that while deducing these facts we have not 
considered the condensation of both c-ssDNA molecules together which is known to enhance 
the overall renaturation rate over several orders of magnitude as in case of renaturation in 
phenol-water interface (43). Under such co-condensation of both strands of c-ssDNA the rate 
of incorrect-contact formation is very large and the dissociation rate will be very small and 
the rate limiting steps are the nucleation and zipping ones.  
 
CONCLUSIONS 
Renaturation (or hybridization) of complementary single strands of DNA is an important 
phenomenon in molecular biology and biological physics. Understanding the kinetic 
mechanism of renaturation is very much useful to further understand the winding-unwinding 
dynamics of double stranded DNA under both in vitro and in vivo conditions. Here we have 
developed a stochastic dynamics based model on the DNA renaturation phenomenon to 
explain various scaling behaviours of renaturation rate. According to our model there are at 
least three steps in the renaturation process viz. incorrect-contact formation, stochastic 
nucleation and zipping. Most of the earlier two-state models combined nucleation with 
incorrect-contact formation step. We argue that it is considerably meaningful when we 
combine the nucleation with the zipping since nucleation is the initial step of zipping. 
Incorrect-contact formation step is a pure three-dimensional diffusion controlled collision 
process whereas nucleation involves several rounds of one-dimensional slithering dynamics 
of one single strand of DNA on the other complementary strand in the process of searching 
for the correct-contact and initiate nucleation. Upon nucleation, the stochastic zipping follows 
to generate a fully renatured double stranded DNA.  
 
It seems that the square-root dependency of the overall renaturation rate constant on the 
length of reacting single strands originates mainly from the geometric constraints in the 
diffusion controlled incorrect-contact formation step. On the other hand the inverse scaling of 
the renaturation rate with the sequence complexity originates from the stochastic zipping 
which involves several rounds of crossing of free-energy barrier at microscopic level. When 
the sequence of renaturing single strands of DNA is repetitive with less complexity then the 
cooperative effects will not be noticeable since the parallel zipping will be a dominating 
enhancement factor. However for DNA strand with high sequence complexity and length one 
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needs to consider the cooperative effects both at microscopic and macroscopic levels to 
explain various scaling and kinetic behaviours of the overall renaturation rate. 
Theory on the mechanism of DNA renaturation 
 16 
REFERENCES 
1. Watson JD, Crick FHC. Molecular structure of nucleic acids. Nature 1953; 171: 737–738. 
2. Benjamin L. Genes VII. Oxford University Press, London, 2000. 
3. Pinheiro AV, Han D, Shih WM, Yan H. Challenges and opportunities for structural DNA 
nanotechnology. Nat. Nanotechnol. 2011; 6: 763–772. 
4. Bath J, Turberfield AJ.  DNA nanomachines. Nat. Nanotechnol. 2007; 2: 275–284. 
5. Qian L, Winfree E. Scaling up digital circuit computation with DNA strand displacement 
cascades. Science. 2011; 332: 1196–1201. 
6. Wetmur JG, Davidson N. Kinetics of renaturation of DNA. J. Mol. Biol. 1968; 31: 349-
370.  
7. Studier FW. Effects of conformation of single-stranded DNA on renaturation and 
aggregation. J. Mol. Biol. 1969; 41: 199-209. 
8. Craig ME, Crothers DM, Doty P. Relaxation kinetics of dimer formation by self-
complementary oligonucleotides. J. Mol. Biol. 1971; 62: 383–392. 
9. Davidson EH, Hough BR, Klein WH, Britten RJ. DNA sequence organization in the 
mollusc aplysia californica. Cell. 1975; 4, 217-238. 
10. Manning GS. The molecular theory of polyelectrolyte solutions with applications to the 
electrostatic properties of polynucleotides. Q. Rev. Biophys. 1978; 11: 179–246. 
11. Manning GS. On the application of polyelectrolyte limiting laws to the helix-coil 
transition of DNA. V. ionic effects on renaturation kinetics. Biopolymers. 1976; 15: 
1333–1343. 
12. Anderson MLM. Nucleic Acid Hybridization (Bios Scientific, Oxford), 1999. 
13. Bloomfield VA, Crothers DM, Tinoco Jr, I. Physical Chemistry of Nucleic Acids; Harper 
and Row: New York, 1974. 
14. Rau DC, Klotz LC. A more complete kinetic theory of DNA renaturation J. Chem. Phys. 
1975; 62: 2354-2366. 
15. Cantor CR, Schimmel PR. Biophysical Chemistry. Part III. The Behavior of Biological 
Macromolecules; W. H. Freeman and Company: New York, 1980. 
16. Murugan R. Revised theory on DNA renaturation kinetics and its experimental 
verification. Biochem. Biophys. Res. Comm. 2002; 293: 870–873.  
17. Murugan R. A stochastic model on DNA renaturation kinetics. Biophys. Chem. 2003; 
104: 535-541. 
18. Santa Lucia, J. Jr and Hicks D. The thermodynamics of DNA structural motifs. Annu. 
Rev. Biophys. Biomol. Struct. 2004; 33: 415–440. 
19. Gao Y, Wolf LK, Georgiadis RM. Secondary structure effects on DNA hybridization 
kinetics: a solution versus surface comparison. Nucleic Acids Res. 2006; 34: 3370–3377. 
20. Woodside MT., et al. Direct measurement of the full, sequence-dependent folding 
landscape of a nucleic acid. Science 2006; 314: 1001–1004. 
21. Zhang DY, Winfree E. Control of DNA strand displacement kinetics using toehold 
exchange. J. Am. Chem. Soc. 2009; 131: 17303–17314. 
22. Dirks RM, Bois JS, Schaeffer JM, Winfree E, Pierce NA. Thermodynamic analysis of 
interacting nucleic acid strands. SIAM Rev., 2007; 29: 65–88. 
23. Sambriski EJ, Schwartz DC, de Pablo JJ. Uncovering pathways in DNA oligonucleotide 
hybridization via transition state analysis. Proc. Natl Acad. Sci. USA. 2009; 106: 18125–
18130. 
24. Sambriski EJ, Ortiz V, de Pablo JJ. Sequence effects in the melting and renaturation of 
short DNA oligonucleotides: structure and mechanistic pathways. J. Phys. Condens. 
Matter, 2009; 21: 034105. 
25. Sambriski EJ, Schwartz DC, de Pablo JJ. A mesoscale model for DNA and its 
renaturation. Biophys J.  2009; 96:1675–1690. 
Theory on the mechanism of DNA renaturation 
 17 
26. Araque JC, Panagiotopoulos AZ, Robert MA. Lattice model of oligonucleotide 
hybridization in solution. I. Model and thermodynamics. J. Chem. Phys. 2011; 134: 
165103–165116. 
27. Sikorav JL, Orland H, Braslau A. Mechanism of thermal renaturation and hybridization 
of nucleic acids: Kramers’ process and universality in Watson-Crick base pairing. J. Phys. 
Chem. B, 2009; 113: 3715–3725 
28. Niu, L, Yanh, Z, Zhou, J, Mao, C, Liang, H, Liang, D. Mechanism of DNA assembly as 
revealed by energy barriers. Chem. Commun. 2015; 51: 7717-7720. 
29. Ouldridge TE, Sulc P, Romano F, Doye JPK, Louis AA. DNA hybridization kinetics: 
zippering, internal displacement and sequence dependence, Nucleic. Acids. Res. 2013: 
41: 8886-8895. 
30. Murugan R. Generalized theory of site-specific DNA-protein interactions. Phys. Rev. E. 
2007; 76: 011901-011909. 
31. Murugan R. Theory of site-specific DNA-protein interactions in the presence of 
conformational fluctuations of DNA binding domains. Biophys. J. 2010; 99: 353-60. 
32. de Gennes PG. J. Phys. (Paris) 1976; 37: 1445. 
33. de Gennes PG. Scaling Concepts in Polymer Physics (Cornell University Press, Ithaca, 
1979. 
34. Montroll EW.  A note on the theory of diffusion controlled reactions with application to 
the quenching of fluorescence. J. Chem. Phys. 1946; 14: 202-212. 
35. Debye P. Reaction rates in ionic liquids. Trans. Electrochem. Soc (A paper presented at 
the Eighty-second general meeting, held at Detroit, Mich., October 9) 1942; 265-272. 
36. Gardiner CW. Handbook of Stochastic Methods (Springer, Berlin), 2002. 
37. Risken H. Fokker Plank Equations (Springer, Berlin), 1996.  
38. Van Kampen NG. Stochastic Processes in Physics and Chemistry (North-Holland), 1994.  
39. Morrison LE, Stols LM. Sensitive fluorescence-based thermodynamic and kinetic 
measurements of DNA hybridization in solution. Biochemistry. 1993; 32: 3095–3104. 
40. Porschke D, Uhlenbeck OC, Martin FH. Thermodynamics and kinetics of the helix-coil 
transition of oligomers containing GC base pairs. Biopolymers. 1973; 12: 1313–1335. 
41. Porschke D, Eigen M. Co-operative non-enzymatic base recognition. J. Mol. Biol. 1971; 
62: 361–381. 
42. Chen C, Wang W, Wang Z, Wei F, Zhao XS. Influence of secondary structure on kinetics 
and reaction mechanism of DNA hybridization. Nucleic Acids Res. 2007; 35: 2875–2884. 
43. Goldar A, Sikorav JL. DNA renaturation at the water-phenol interface Eur. Phys. J. E. 
2004; 14: 211–239. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Theory on the mechanism of DNA renaturation 
 18 
FIGURES CAPTIONS 
 
FIGURE 1 
A. Three basic steps in the renaturation of complementary single strands of DNA (c-ssDNA) 
are viz. incorrect-contact formation, nucleation and zipping. Incorrect-contact formation (ci-
ssDNA) is purely a three dimensional (3D) diffusion controlled collision rate process (I) 
where the rate constant associated with the formation of incorrect-contact scales with the 
length of colliding c-ssDNA molecules in a square root manner and it scales with the solvent 
viscosity in an inverse manner. Nucleation involves a one dimensional (1D) slithering 
dynamics (II) of one strand on the other strand of ci-ssDNA in the process of searching for 
correct-contact (cc-ssDNA). Upon finding the correct-contact and forming the nucleus 
zipping of cc-ssDNA step (III) follows. Since nucleated cc-ssDNA is indistinguishable from 
zipping one, it is more appropriate to combine the nucleation with the zipping rather than 
with the incorrect-contact formation step as shown in Scheme I where both the nucleation 
and zipping are coupled stochastic processes. Conformational state of the reacting c-ssDNA 
molecules seems to significantly affect the reaction mechanism and scaling relationships 
associated with the overall renaturation rate. 
B, C. We can model the c-ssDNA chains as clusters of nitrogen bases so that the overall 
bimolecular rate associated with the formation of incorrect contacts between spatially 
distributed base-clusters of c-ssDNAs is proportional of the product of concentrations of the 
total nitrogen bases in c-ssDNA molecules. The cylindrical surface area SQ ~ 2πrDQ of a c-
ssDNA molecule will be confined within the spherical solvent shell with surface 
area 24Q QSS rπ  (Q = L for template and Q = l for probe) where rQ is the radius of gyration of 
the respective c-ssDNA molecule. Under strongly condensed state of c-ssDNA one finds that 
SSQ < SQ (C) and when the DNA polymer is in a relaxed state (B) then one find that SSQ > 
SQ. At a coarse grained level one can model the bases of c-ssDNA as a chain of spherical 
beads with radius rD. Under relaxed conformational state all these nitrogen base beads are 
distributed on the surface of the spherical solvent shell that covers a c-ssDNA molecule (B). 
Under condensed conformational state of c-ssDNA molecules significant fraction of nitrogen 
base beads will be inaccessible to the inflowing c-ssDNA molecules since they are buried 
inside the matrix of condensed c-ssDNA (C). 
 
FIGURE 2 
A. Probability density function associated with the one dimensional slithering length (n 
measured in base) of ci-ssDNA in the process of searching for the correct-contact as given in 
Eq. 16 for different values of the characteristic length 12A o rY D k= from 10 to 100 bases 
where Do (base2s-1) is the one dimensional diffusion coefficient associated with the slithering 
dynamics and kr is the dissociation rate constant connected with ci-ssDNA.  
B. Zipping time (τZ, measured in seconds) in the presence of cooperative effects. Here 
sequence complexity (c) is same as that of the length (L) of c-ssDNA i.e. c = L. The number 
of correct-contacts β = L/lp is a dimensionless quantity where lp = 1 base and L is the length 
of the reacting c-ssDNA. Green solid line is calculation from Eq. 22 and blue solid line is 
calculation from Eq. 24. Here we have set KR ~ 10-6 and k+ ~ 1 s-1. Red solid line is the 
derivative of zipping time with respect to β as in Eq. 26 which shows that the value of the 
derivative of overall zipping time with respect to β is < 10-2 when β  > 102. These plots 
suggest that when KR tends towards zero, the overall zipping time of a non-repetitive and 
long c-ssDNA will be independent of the length of the reacting c-ssDNA molecules. Zipping 
time of a repetitive c-ssDNA with a sequence complexity of c bases increases linearly with c. 


